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ABSTRACT 
The Atlantic razor clam (Ensis directus) reduces 
burrowing drag by using motions of its shell to fluidize a thin 
layer of substrate around its body. We have developed 
RoboClam, a robot that digs using the same mechanisms as 
Ensis, to explore how localized fluidization burrowing can be 
extended to engineering applications. In this work we present 
burrowing performance results of RoboClam in two distinctly 
different substrates: ideally granular 1mm soda lime glass 
beads and cohesive ocean mudflat soil. Using a genetic 
algorithm to optimize RoboClam’s kinematics, the machine was 
able to burrow in both substrates with a power law relationship 
between digging energy and depth of n = 1.17. Pushing 
through static soil has a theoretical energy-depth power law of 
n = 2, which means that Ensis-inspired burrowing motions can 
provide exponentially higher energy efficiency. We propose a 
theoretical constitutive model that describes how a fluidized 
region should form around a contracting body in virtually any 
type of saturated soil. The model predicts fluidization to be a 
relatively local effect, extending only two to three characteristic 
lengths away from the body, depending on friction angle and 
coefficient of lateral earth pressure, two commonly measured 
soil parameters. 
 
 
INTRODUCTION 
The motivation behind our work is to generate compact, 
lightweight, low-energy, reversible, and dynamic burrowing 
systems for use in subsea applications such as anchoring, oil 
recovery, mine detonation, and sensor placement. As many 
organisms have evolved to embed themselves into undersea 
substrates [1-11], our hypothesis is that nature has found an 
optimized solution to subsea burrowing. We identified the 
Atlantic razor clam, Ensis directus, as the best candidate for 
biomimicry because of its performance and engineering merits 
[2, 10, 11]. Ensis burrows at nearly 1cm/s to 70cm deep using 
approximately 0.21J/cm, which equates to being able to travel 
over a half kilometer on the energy in a AA battery [12]. 
Furthermore, razor clams are the size scale of a real engineering 
device (3.2cm diameter, 16cm long) and are packaged in a rigid 
shell with only one degree-of-freedom movement. Using the 
animal’s performance and geometry, we have calculated that an 
Ensis-based burrowing/anchoring system would provide a 10X 
improvement over the best currently available anchoring 
technology, leading most by more than two orders of 
magnitude, in anchoring force developed per unit energy 
expended [13-15].  
The burrowing cycle of a razor clam is shown in Fig. 1a-f. 
b) The animal starts with its foot - a soft, flexible organ - fully 
extended below the shell. Next, it uses a series of four shell 
motions to make downward progress: c) the foot extends to 
uplift the shell; d) the shell halves contract to force blood into 
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the foot, inflating it to serve as an anchor; e) the foot muscles 
contract to pull the shell downwards; and f) the shell expands in 
order to begin the cycle again. To understand the soil 
mechanics during this cycle, we developed an experimental 
setup to visualize a razor clam burrowing in 1mm soda lime 
glass beads, which are similar in size and density to coarse sand 
[16]. A video of Ensis burrowing in our setup can be seen here 
[17]. Substrate deformation was tracked using particle image 
velocimetry (PIV) [18]. We discovered that the uplift and 
contraction movements of the shell draw water towards the 
animal’s body, unpacking and fluidizing the surrounding 
substrate. Moving through fluidized, rather than packed soil, 
reduces the amount of energy to reach full burrow depth by 
nearly three orders of magnitude [19]. Furthermore, because 
Ensis moves through a fluidized medium, the drag force on its 
body should ideally remain constant with depth. In contrast, 
moving through a packed, static particulate medium requires 
pushing force that increases linearly with depth [20]. This 
means Ensis exponentially reduces burrowing energy from 
scaling with depth squared to linearly increasing with depth.  
 
 
 
 
Figure 1 RAZOR CLAM AND ROBOCLAM MOTION. a-f) Razor 
clam shell motions during a digging cycle. g) Razor clam shell 
kinematics mimicked by RoboClam end effector. Uplift and 
contraction movements locally fluidize soil around the end effector, 
reducing burrowing drag.  
 
 
To verify that localized fluidization drag reduction could 
be transferred to engineering burrowing applications, we 
developed RoboClam, a robot that replicates Ensis digging 
kinematics, which is shown in Fig. 2. RoboClam was designed 
to yield insight into the relationships between environmental 
and engineering parameters, such as substrate type, depth, 
device size, burrowing velocity, and required power. Figure 1g 
shows the end effector of RoboClam – the part of the robot that 
digs by mimicking Ensis shell motions to locally fluidize the 
surrounding substrate – going through its burrowing cycle. In 
RoboClam, Ensis’ foot has been replaced by a pneumatic piston 
that pushes down on the end effector, as we have found from 
our experiments that only Ensis’ shell motions contribute to 
localized fluidization.  
 
 
 
Figure 2 ROBOCLAM BURROWING IN A MUD FLAT WITH 
SCHEMATIC OF THE MACHINE. RoboClam is composed of two 
pneumatic pistons, each of which actuates one degree of freedom of 
the end effector. The lower piston moves the entire end effector up and 
down. The upper piston actuates the shells of the end effector in and 
out via a wedge linkage connected to a rod that passes through the 
lower piston. A laptop controls the machine by turning on and off 
solenoid valves connected to the pistons. Pressurized air is sourced 
from a SCUBA tank and regulated for each piston port.  
 
 
A requirement of RoboClam was that it could be tested in 
real marine substrates, as to avoid wall effects caused by a 
container, and to capture the peculiarities of real soil with 
heterogeneous composition and the presence of organic matter. 
Figure 2 shows RoboClam burrowing in real Ensis habitat off 
Gloucester, MA. For saltwater compatibility, RoboClam’s main 
power source is an 80 ft3 scuba tank. Small lead acid batteries 
power four solenoid valves and digital pressure regulators that 
direct air to two pneumatic pistons, which control the end 
effector’s two degrees of freedom. A laptop controls the robot 
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using a genetic algorithm [21], which varies the timescale and 
pushing force of each of the four end effector movements to 
find the lowest burrowing ‘fitness.’ The fitness value in our 
experiments is the product of the energy expended per unit 
depth and the exponent of the energy-depth power law 
relationship. This product was chosen as the fitness value since 
optimizing one of the parameters alone often resulted in 
undesirable values of the other. 
 
ROBOCLAM DIGGING PERFORMANCE 
RoboClam has been tested in two substrates: 1mm soda 
lime glass beads and real ocean mud flats off the coast of 
Gloucester, MA. The former is an idealized granular material, 
with uniform grains (both in shape and size), high permeability, 
and no cohesion. The latter is a cohesive sand and silt mixture 
with low permeability and entrained organic material. Figure 3 
shows burrowing data corresponding to the lowest fitness value 
from testing in both substrates. In all tests the substrates were 
fully saturated with water. Interestingly, RoboClam was able to 
burrow with an energy vs depth power law slope of n = 1.17 in 
both soils, even though they are disparate.  
 
 
 
 
Figure 3 ROBOCLAM MINIMUM FITNESS BURROWING 
RESULTS IN TWO SUBSTRATES. a) Power law relationship 
between digging energy and depth while burrowing in saturated 1mm 
soda lime glass beads. b) Power law relationship between digging 
energy and depth while burrowing in ocean mud flats off Gloucester, 
MA. 
Not only does n = 1.17 constitute enormous energetic savings 
over simply pushing through static soil (which theoretically has 
n = 2), but these data indicate that Ensis-inspired burrowing 
may work in a wide variety of substrates. The remainder of this 
paper is focused on describing a theoretical model that shows  
how localized fluidization burrowing should be feasible in 
virtually any type of particulate substrate.   
THEORETICAL PREDICTION OF LOCALIZED 
FLUIDIZATION 
This model describes localized fluidization from the 
standpoint of Ensis. The model is also valid for any other 
contracting body in a saturated soil, including RoboClam’s end 
effector.  
 
 
Inertial Effects During Contraction 
As a razor clam contracts its shell, it pulls water through 
the substrate towards its body, causing the adjacent soil 
particles to separate and fluidize. To determine whether inertial 
effects are important in this process, the characteristic time 
scale for the velocity of a soil particle to reach the fluid velocity 
can be calculated using Stokes drag [22] and conservation of 
momentum, as shown in Eq. (1).  
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FD is the drag force on the particle, µ is the viscosity of the 
fluid, D is the diameter of the particle, Vf is the fluid velocity, 
Vp is the particle velocity, P is the momentum of the particle, 
and t is time. Substituting in the particle density, ρp, and 
dimensions yields Eq. (2), the differential equation of motion 
for the particle. 
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Eq. (2) can be integrated with the variable substitution 
 
pf VV !=" , pdVd !="   
 
Applying to = 0 results in Eq. (3) 
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with a time constant 
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The 1mm soda lime glass beads and water used in our 
experiments have a characteristic time scale of 0.075s, which is 
an order of magnitude less than the time scales associated with 
the clam’s movements. Smaller particles, such as in the mudflat 
soil, will have even smaller characteristic time scales. This 
means that in the regions where particles are able to move, the 
fluid and particles will move together as a bulk liquid.  
 
 
Soil Stress Distribution During Contraction 
When the razor clam contracts, it reduces the pressure 
acting between its shell and the soil, causing the soil to fail. 
This scenario can be modeled as a cylinder with a contracting 
radius that is embedded in saturated soil, as shown in Fig. 4.  
 
 
 
Figure 4 MODEL OF SOIL FAILURE AROUND A 
CONTRACTING RAZOR CLAM. As a razor clam contracts its shell, 
it reduces pressure, pi, against the adjacent soil, causing the soil to fail. 
The failure model presented in this paper predicts the size of the 
failure zone as a function of soil properties.   
  
 
To neglect end effects, the clam is modeled as an infinitely 
long cylinder. If the relaxation in pressure between the clam’s 
shell and the surrounding soil is considered quasi-static (at 
incipient failure there is no movement of the fluid and soil 
particles), stresses due to inertial effects can be ignored and the 
radial and circumferential stress distribution can be described 
with the thick-walled pressure vessel equations in Eq. (4) [23]. 
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In Eq. (4), σr is radial stress, σθ is hoop stress, a is the 
inner radius, b is the outer radius, pi is the inner pressure, and po 
is the outer pressure. A positive pressure exerts a compressive 
load, and a compressive stress is negative. It is important to 
note that these equations still hold if there is a body force acting 
in the z-direction, such as in a soil. In this case the pressure 
vessel equations describe the state of stress within annular 
differential elements stacked in the z-direction. 
If the clam is considered to be in an infinite bed of soil in 
lateral directions, b can be considered infinite. Applying this 
condition and reversing signs to geotechnical conventions (with 
compressive stresses positive) results in Eq. (5), which 
describes the full state of stress in the soil around the clam. 
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In Eq. (5), Ro is the clam’s initial radius, h is the clam’s depth 
beneath the surface of the soil, pi is the pressure between the 
shell and the soil, and ρt is the total density of the soil/fluid 
mixture. The pressure po is the total lateral earth pressure at an 
infinite distance away from the clam. This pressure minus the 
pore fluid pressure, u, yields the undisturbed horizontal 
effective stress 
 
upoho !="#   
 
which is the stress acting between soil particles. The 
undisturbed horizontal and vertical effective stresses can be 
correlated through the coefficient of lateral earth pressure (also 
called coefficient of earth pressure at rest, coefficient of lateral 
stress, or lateral stress ratio) 
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which is a measured soil property [16, 24]. By also knowing the 
void fraction of the soil, ε, and the particle and fluid density, po 
can be determined with Eq. (6).  
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Failure of the substrate will occur when pi is lowered to a 
point where the imbalance of two principle effective stresses 
produces a shear stress that exceeds the shear strength of the 
soil. The stress imbalance induced by a contracting cylinder in 
soil can cause failure in one of two ways: an imbalance 
between radial and vertical stresses or an imbalance between 
radial and hoop stresses. These two failure conditions are 
represented by the Mohr’s circle in Fig. 1. The friction angle, φ 
is a measured property of the soil that depends on composition 
and packing.  
 
 
Figure 5 FAILURE STATES IN SOIL. Mohr circle representing 
failure states in a granular soil due to radial-vertical stress imbalance 
and radial-hoop stress imbalance. Stresses: τ for shear, σ for normal. 
Subscripts: h for horizontal, v for vertical, r for radial, θ for hoop, o for 
undisturbed state, f for failure state.  
 
 
A point to make about this failure analysis is that it is also 
valid for cohesive soils. The one difference is that the failure 
envelope in a cohesive soil does not pass through 0,0 on a 
Mohr’s circle, as cohesive stresses give soil shear strength even 
when no compressive stresses are applied. At sufficient depths 
compressive stresses will dominate cohesive stresses, so a 
failure envelope for a cohesive soil that runs through 0,0 can be 
approximated for this condition. 
From the geometry of the circle and the failure envelope 
defined by the friction angel, the relationship between the 
effective horizontal and vertical stress at failure can be derived, 
which is represented in Eq. (7), where Ka is called the 
coefficient of active failure.  
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Combining the radial stress in Eq. (5) with Eqns. (6) and 
(7) produces Eq. (8), which is an expression for the location of 
the failure surface, rf, in the soil surrounding a contracting 
cylinder when the stress imbalance that causes failure is 
between radial and vertical stresses. 
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Using a similar process, combining the radial and hoop 
stresses in Eq. (5) with Eqns. (6) and (7) produces Eq. (9), 
which is an expression for the location of the failure surface, rf, 
due to an imbalance between radial and hoop stresses. 
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The dominant failure mechanism in the soil surrounding a 
contracting cylindrical body is determined by the type of failure 
(radial-vertical or radial-hoop) that results in the largest failure 
surface radius. This can be calculated by combining Eqns. (8) 
and (9) into Eq. (10).  
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Figure 6 shows Eq. (10) plotted for Ka = 0.19 to 0.52 and 
Ko = 0.31 to 1, the maximum range of realistic values [16, 24]. 
Areas greater than one in Fig. 6 indicate the failure surface 
radius is determined by the imbalance between radial and 
vertical stresses. Areas less than one indicate the failure surface 
radius is determined by the imbalance between radial and hoop 
stresses.  
 
 
Figure 6 PREDICTION OF DOMINANT FAILURE MECHANISM. 
Radial-vertical stress induced failure denoted by regions greater than 
one. Radial-hoop stress induced failure denoted by regions less than 
one. For most values of Ko and Ka, failure induced by both 
mechanisms occurs at approximately the same radius.  
 
 
Figure 6 shows that the failure surface radius predicted by 
both failure modes will be at approximately the same location 
for most values of Ka and Ko. As such, either Eq. (8) or (9) can 
be used to predict the location of the failure surface as a 
function of soil properties.  
Figure 7 shows Eq. (8) plotted vs. depth and internal 
pressure. When pi is positive and much lower than po, rf /Ro ≈  
3.2. When pi and po are on the same order, rf /Ro ≈ 1.7. For a 
wide range of soil properties, the maximum rf /Ro varies 
between two and three. These results demonstrate that soil 
failure around a contracting clam is a relatively local effect, and 
for large imbalances between pi and po, depth independent.  
 
 
 
Figure 7 LOCATION OF FAILURE SURFACE OF SOIL AROUND 
A CONTRACTING CLAM. The plot shows that for a large range of 
depths and contact pressures between the clam and soil, the failure 
surface occurs at approximately three clam radii away. This plot is 
particular to soil with given friction angle and coefficient of lateral 
earth pressure, which are in the range of common soils. 
 
If during contraction pi is assumed to be approximately 
zero, Eq. (8) can be simplified to Eq. (11). This equation is 
extremely useful, as it facilitates a prediction of the failure 
surface radius with only two soil properties, Ka and Ko, both of 
which would be measured in a geotechnical survey.  
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Our hypothesis is that the failure surface bounds the 
fluidized region. After the contracting body induces failure in 
the soil, further contraction will draw water into the failed 
region. Since the particles are essentially inertialess, as shown 
in section 3.1, they will freely move with the water drawn 
towards the contracting body. The water will mix with the 
failed soil to produce fluidized substrate, which provides much 
less resistance to downward movement than the surrounding 
packed soil.  
 
CONCLUSIONS AND FUTURE WORK 
Two exciting conclusions can be drawn from the work 
presented in this paper. First, we have shown that RoboClam is 
able to achieve exponential burrowing energy reductions in two 
disparate soils: ideally granular soda lime glass beads and real 
ocean mud flats. The energy-depth power law relationship of n 
= 1.17 is extremely close to the ideal value of n = 1 predicted 
for real Ensis. Our assumption is that localized fluidization 
around RoboClam’s end effector, as observed during Ensis 
burrowing, is the cause of the measured energetic reductions.  
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The second conclusion is that the fluidized zone can be 
predicted using only Ka and Ko, two soil parameters normally 
measured in a geotechnical survey. Furthermore, the size of the 
fluidized zone changes little with soil properties, and is 
relatively depth independent. This means that an Ensis-inspired 
burrowing device may not have to adjust its kinematics for 
different types of soils and depths, making it flexible for 
various environments and applications.  
We are currently working on 3D visualization of 
RoboClam burrowing, as to see the size and shape of the 
fluidized region and verify our theoretical model. We are also 
testing larger RoboClam end effectors to judge the effect of 
device size on burrowing performance. Our aim is to assemble 
experimental and theoretical results into a set of design rules 
that enable engineers to build locally fluidizing burrowers for 
any size, soil type, and application.  
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